We show that the non-locality recently identified in quantum gravity using resummation techniques propagates to the matter sector of the theory. We describe these non-local effects using effective field theory techniques. We derive the complete set of non-local effective operators at order N G 2 for theories involving scalar, spinor, and vector fields. We then use recent data from the Large Hadron Collider to set a bound on the scale of space-time non-locality and find M ⋆ > 3 × 10 −11 GeV.
Finding a quantum mechanical description of General Relativity, in other words, a quantum theory of gravity, remains one of the holy grails of modern theoretical physics. While it is not clear what this fundamental theory might be, we can use effective theory techniques to describe quantum gravity at energies below the Planck scale M P = 1/ √ G where G is Newton's constant. This approach is justified by the requirement that whatever the correct theory of quantum gravity might be, General Relativity must arise in its low energy limit.
We do not have much information about physics at the Planck scale as experiments at this energy scale are difficult to imagine. We, nevertheless, have indications that a unification of General Relativity and Quantum Mechanics may lead to a more complicated structure of space-time at short distances in the form of a minimal length. Indeed, there are several thought experiments [1] [2] [3] [4] [5] [6] [7] showing that, given our current understanding of Quantum Mechanics, General Relativity and causality, it is inconceivable to measure distances with a better precision than the Planck length l P = G/c 3 where is the reduced Planck constant and c is the speed of light in vacuum. Such arguments imply a form of non-locality at short distances of the order of l P . We will show that the scale of non-locality could actually be much larger that l P depending on the matter content in the theory.
An important question is whether this non-locality could be found when combining quantum field theory with General Relativity as well. In [8] , it was shown that General Relativity coupled to a quantum field theory generically leads to non-local effects in scalar field theories. In the current paper, we build on the results obtained in [8] and extend them to matter theories involving spinor and vector fields as well. We show that non-local effects are universal and affect all matter fields. We derive a complete set of non-local effective operators at order NG 2 where N = N s + 3N f + 12N V with N s , N f and N V denoting respectively the number of scalar, spinor, and vector fields in the theory. Then, using recent data from the Large Hadron Collider, we set a limit on the scale of space-time non-locality.
... Recently, several groups have studied perturbative linearized General Relativity coupled to matter fields. They found that perturbative unitarity can breakdown well below the reduced Planck mass [9] [10] [11] [12] . The self-healing mechanism [13, 14] demonstrates that unitarity can be recovered by resumming a series of graviton vacuum polarization diagrams in the large N limit (Fig. (1) ), see as well [15, 16] for earlier works on large N quantum gravity. An interesting feature of this large N resummation, while keeping NG small, is that the obtained resummed graviton propagator
where µ is the renormalization scale incorporates some of the non-perturbative physics of quantum gravity. It has poles beyond the usual one at q 2 = 0. Indeed, one finds [17] [18] [19] that there is a pair of complex poles at
where W is the Lambert function. As explained in [17] , these complex poles are a sign of strong interactions. The mass and width of these objects can be calculated. It was suggested in [17] that the complex poles could be interpreted as black hole precursors. These Planckian black holes are purely quantum object and their geometry is not expected to be described accurately by the standard solutions of classical Einstein's equations. In particular, they will not decay via Hawking radiation as they are non-thermal objects. While they do not radiate, they are very short-lived objects and will decay to a few particles. Their widths are of the order of (120π/GN) 1/2 . Because the complex poles are related by complex conjugation, one of them has an incorrect sign between its mass and its width and it corresponds to a particle propagating backwards in time. This complex pole thus leads to acausal effects which should become appreciable at energies near (120π/GN) 1/2 . Using the in-in formalism [20, 21] it is possible to restore causality at the price of introducing non-local effects at the scale (120π/GN) 1/2 . This was done, for example, in [22] within the context of Friedmann,
Lemaître, Robertson and Walker cosmology. The Lee-Wick prescription can also be used to make sense of complex poles [23, 24] . The scale of non-locality is thus potentially much larger than l P if there are many fields in the matter sector, i.e., if N is large.
In [8] , it was shown that the resummed graviton propagator in Eq. (1) induces non-local effects in scalar field theories at short distances of the order of (120π/GN) 1/2 . We extend this work to spinor and vector fields and demonstrate that the non-local effects propagate universally in quantum field theory as would be expected from quantum black holes and the thought experiments described previously. We consider a theory with an arbitrary number of scalar fields, spinor and vector fields and calculate their two-by-two scattering gravitational amplitudes using the dressed graviton propagator (1). We then extract the leading order (i.e. order G 2 N) term of each of these amplitudes and present the results in terms of effective operators.
The stress-energy tensors for the different field species with spins 0, 1/2 and 1 are given as usual by
where we have used the following free field matter Lagrangians:
We can now present the complete set of non-local operators at order NG 2 . The non-local operators involving scalar fields only are given by
The non-local operators involving spinor fields only are given by
The non-local operators involving vector fields only are given by
The non-local operators involving amplitudes with scalar and vector fields only are given
The non-local operators involving amplitudes with scalar and spinor fields only are given by
The non-local operators involving amplitudes with spinor and vector fields only are given
By looking at these effective operators, one can see explicitly that the gravitational nonlocality leads to non-local effects in the matter sector as well. This is the case for all matter fields of any spin. The non-locality is manifest due to the presence of the log( ) term in all of these effective operators. The universality of the non-locality in the matter sector is precisely what one expects in the context of a minimal length. The underlying argument in all minimal length demonstrations is the following. When length scales shorter than the minimal length are probed, one ends up concentrating so much energy within that region of space-time that a Planckian black hole will eventually form in that region of space-time. This is precisely what we are finding when interpreting the complex pole as a black hole precursor which is an extended object of size (120π/GN) 1/2 . Its extension in space corresponds to the minimal length that can be probed. We conclude that space-time is smeared on distances shorter than the dynamical Planck scale given by M ⋆ = M P 120π/N which corresponds to the energy of the complex pole.
This non-locality prevents an observer from testing distances shorter than the corresponding length scale. It also implies that singularities cannot be probed experimentally as space-time is smeared. One may argue that the notion of space-time looses its meaning on distances smaller than 1/M ⋆ . This interpretation fits well with the observations made recently in [25] .
It is interesting to point out that the non-local effects in the four-fermion interactions can be probed at the Large Hadron Collider. The ATLAS collaboration has searched for fourfermion contact interactions at √ s = 8 TeV and obtained lower limits on the scale on the lepton-lepton-quark-quark contact interaction Λ between 15.4 TeV and 26.3 TeV [26] . The most restrictive bound on Λ is obtained by combining the dielectron and dimuon channels.
We have contributions to these process coming from O fermion,1 and O fermion,2 . We first note that the renormalization scale µ should scale with N as well, we take µ 2 = 120π/(NG). Since we are looking at conservative order of magnitudes, we will identify the scale generated by the derivatives in the four-fermion operators with the center of mass energy of the protonproton collision. We are thus dealing effectively with operators of the typeqqll which are suppressed by a factor 2NG 2 /(60π 2 )s log(sNG/(120π)). This translates into a conservative bound N < 5 × 10 61 on the number of light fields in a hidden sector. This implies that the scale M ⋆ , which parametrizes the non-locality of space-time, is larger than 3 × 10 −11 GeV. This bound is tighter than that obtained from gravitational waves and from Eötvös type pendulum experiments [19] by two orders of magnitude.
Note that our bound on the scale of space-time non-locality (M P 120π/N) is much weaker than those on the Planck mass (M P ) obtained using the standard geometrical cross section (i.e. σ = πR 2 S where R S is the Schwarzschild radius) for quantum black holes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . Collider bounds on a new object with a geometric cross section are typically of the order of 9 TeV [43] . This is not surprising as we are indeed studying different higher order effective operators. So far, we have not found, within the effective theory approach, higher dimensional operators corresponding to the geometrical cross section which has been extensively studied. The intermediate states in the propagator of the graviton, which we have studied, couple with the usual Planck mass to the particles of the standard model while in the more extensively studied models, quantum black holes are assumed to couple much stronger (i.e. with M P ∼ TeV) to the particles of the standard model. Since at this stage we have not identified a mechanism which lowers the value of the Planck mass (we are using dimensional regularization in contrast to [44] where a dimensionful cutoff had been used), there is no strong gravitational effect in the TeV region to be expected.
It is worth mentioning that weakly nonlocal theories, such as the effective field theory for general relativity considered in this paper, can be also the starting point to construct an ultraviolet completion of Einstein's gravity, which turns out to be unitary at perturbative level and finite at quantum level [45] [46] [47] .
In this paper, we have shown that the non-locality recently identified in quantum gravity propagates to the matter sector of the theory. We have described these non-local effects using the tools of effective field theory. We have derived the complete set of effective operators at order NG 2 for theories involving scalar, spinor, and vector fields. We then have used recent data from the Large Hadron Collider to set a bound on the scale of space-time non-locality and found M ⋆ > 3 × 10 −11 GeV. 
